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Effect of hyperoncotic albumin expansion upon glomerular
ultrafiltration in the rat. The factors determining glomerular
ultrafiltration were measured directly in Munich-Wistar rats
with glomeruli on the kidney surface. The hydrostatic pressure
gradient (LP) across the glomerular capillary was measured
directly with a servc-nulling device, nephron filtration rates with
micropuncture techniques and afferent and efferent protein con-
centration and oncotic pressures (ir) by microprotein methods.
In hydropenic group 1 animals, the effective filtration pressure
(EFP=t)P—ir) attained filtration equilibrium by the end of the
glomerular capillary. In hydropenic group 2 rats, the EFP re-
mained positive at the end of the capillary. The total glomerular
permeability (LA) could therefore be calculated uniquely in
group 2 rats (0.048 nl/sec/g of kidney wt/mm Hg) and was signi-
ficantly lower than the minimum estimate for group 1 (0.060 nIl
sec/g of kidney wt/mm Hg). In group 2, infusion of hyper-
oncotic albumin increased systemic oncotic pressure (rA);
nephron plasma flow, l85; and nephron filtration rate, 7J%
Mean integrated effective filtration pressure (EFP) remained
constant as determined by two computer-based mathematical
models of filtration. LA could be uniquely determined in both
states and rose from 0.048 to 0.082 nl/sec/g of kidney wt/mm Hg.
This suggests that filtration rate can be altered by changes in
LA, and that in group 2, the infusion of hyperoncotic albumin
increased total glomerular permeability.
Effet de l'expansion au moyen d'albumine hyperoncotique sur Ia
filtration glomérulaire chez le rat. Les facteurs qui dèterminent
la filtration glomérulaire ont èté mesurés directement chez le rat
Wistar-Munich qui possède des glomérules superficiels. Le
gradient de pression hydrostatique (zP) a travers le capillaire
glomérulaire a été mesuré directement au moyen d'un système
d'annulation asservie, les debits de filtrations glomèrulaires par
Ia technique de microponction et les concentrations de protèines
ainsi que les pressions oncotiques (ir) afférentes et èfférentes par
des micromèthodes. Chez les animaux hydropeniques du
groupe 1 la pression effective de filtration (EFP=LP—1T)
atteint l'èquilibre de filtration a Ia fin du capillaire glornérulaire.
Chez les animaux hydropèniques du groupe 2 EFP est encore
positive a la fin du capillaire. La permèabilité glomèrulaire totale
(LA) n'a donc pu être calculèe que pour les rats du groupe 2
(0,048 nl/sec/g kw/mm Hg) et elle est significativement infèrieure
a l'évaluation minimale pour le groupe 1 (0,060 nl/sec/g kw/mm
Hg). Dans le groupe 2 Ia perfusion d'albumine hyperoncotique
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augmente la pression oncotique systémique (IrA), le debit
plasmatique par nèphron de l85°/ et le debit de filtration du
nephron de7l%. La pression effective moyenne de filtration
intégrèe (EFP) reste constante d'après l'analyse mathèmatique
de deux modèles de filtration. LA n'a Pu qu'étre dèterminèe
dans les deux ètats, elle augmente de 0,048 a 0,082 nl/sec/g
kw/mm Hg. Cela suggère que le debit de filtration peut être
modifiè par les variations de LA et que, dans le groupe 2, Ia
perfusion d'albumine hyperoncotique augmente la permèabilité
glomèrulaire totale.
The rate of glomerular filtration is determined by a
balance of hydrostatic and oncotic forces acting across
a glomerular capillary membrane of high permeability.
Recent studies by other investigators [1—3] and studies
from this laboratory [4, 5] have demonstrated that as
ultrafiltrate is formed from renal plasma flow, the
oncotic pressure (yr) increases along the length of the
glomerular capillary such as to effectively neutralize
the hydrostatic pressure gradient (P) acting across
this membrane. The fact that oncotic pressure at the
end of the glomerular capillary in hydropenia appears
to equal the hydrostatic pressure gradient defines a
condition of filtration equilibrium and imposes signi-
ficant restraints upon the factors which can alter the
rate of filtration. During hydropenia, in which filtra-
tion equilibrium is attained fairly consistently, the rate
of glomerular filtration becomes highly dependent on
the rate of nephron plasma flow [6]. However, the
ultrafiltration force can be disequilibrated by large re-
ductions in total glomerular permeability (LA) and
large increases in nephron plasma flow (rpf). At
filtration equilibrium, glomerular filtration rate is
primarily altered by changes in plasma flow and, to a
somewhat lesser extent, by alterations in systemic
oncotic pressure (7TA) as determined by the serum pro-
tein concentration. In practical terms, P would be
predicted to have a minor influence on filtration rate
with huge increases required to augment glomerular
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filtration at filtration equilibrium. Similarly, increases
in LA will not affect glomerular filtration, and only
major reductions in LA will decrease the rate of
filtration. When filtration equilibrium is not attained,
all factors can express themselves more readily as
changes in glomerular filtration rate (GFR).
The finding of filtration equilibrium during hydro-
penia significantly limits our capacity to analyze the re-
spective influences of total permeability, systemic
oncotic pressure and the hydrostatic pressure gradient
because a unique value for total permeability and the
total effective filtration pressure (EFP) cannot be de-
termined with accuracy at filtration equilibrium, but,
rather, only a maximum value for effective filtration
pressure and a minimum value for total glomerular
permeability. The influences of the respective factors
mentioned can only be analyzed in detail or with
accuracy after a disequilibration of the ultrafiltration
force (EFP) has been produced.
Previous studies by Deen et al [3] have produced
disequilibration by elevating plasma flow to very high
values. In this study we have examined two groups of
normal animals, only one of which achieves filtration
equilibrium. The other group was found to have a
total glomerular permeability that was significantly
below the minimum value we now accept as normal
during hydropenia. The exact reason for this reduction
in permeability in this group is not known; however, as
a byproduct of this reduction in permeability, the
effective filtration pressure was disequilibrated, in that
a significantly positive effective filtration pressure
existed at the efferent end of the capillary. Analysis of
the effect of hyperoncotic albumin expansion in this
group has permitted us to evaluate the respective roles
of oncotic pressure, nephron plasma flow and changing
glomerular permeability in both control conditions
and after the infusion of hyperoncotic albumin. For
the first time we have demonstrated that differences in
total glomerular permeability (LA) can exist [7] and
that LA can be changed by certain maneuvers. Also,
we have attempted to define the specific role of in-
creasing systemic oncotic pressure on the process of
glomerular filtration in this low permeability group.
Methods
Animal model. The present studies were performed
on male rats of the Munich-Wistar strain (original
breeding stock obtained from Dr. Klaus Thurau,
Physiologic Institute of Munich), ranging in weight
from 165 to 230 g. Rats were maintained on standard
chow (Purina) diets and on ad lib H20 intake until the
time of study. This strain has several glomeruli on the
surface of the kidney, accessible to micropuncture.
Animals were anesthetized with mactin (100 mg/kg
i.p.) and a tracheostomy tube (P.E. 240) was inserted.
Polyethylene catheters were placed in the left jugular
vein (P.E. 50) for the infusion of solutions and into the
left femoral artery for the monitoring of blood pres-
sure with a pressure transducer (Statham), registered
on a recorder (Statham). Urine was collected from the
right kidney via a bladder catheter (P.E. 50). The
animal was then turned onto the right side on a heated
micropuncture table, and a subcostal flank incision
was made. The adrenal gland, perirenal fat and con-
nective tissue were carefully dissected from the left
kidney so that the pedicle was not stretched; the kidney
was then placed in a plastic cup (Lucite). Urine was
collected from the left kidney by three methods in
group 2: 1) placement of a P.E. 10 catheter into the
ureter (rats 6 and 7); 2) placement of a P.E. 50 catheter
into the ureter (rats 8, 9, 12 and 13); and 3) allowing
normal drainage down the left ureter into the bladder
(rats 2 and 4). In all group 1 animals, a P.E. 50 catheter
was placed into the left ureter. The plastic cup was then
lined and the base packed loosely with cotton. Clear
agar at 37 to 39 °C was placed around the kidney, leav-
ing the dorsal surface exposed. The kidney was then
covered with heated (37°C), normal NaCl—NaHCO3
solution.
After completion of surgery, '4C-inulin (New
England Nuclear) was infused at a rate of 40 to
50 PCi/hr for the measurement of GFR.
Pressure measurements. Glomerular capillary pres-
sure (Ps) and pressures in Bowman's space and proxi-
mal tubules (Pt) were measured with a servo-null pres-
sure sensor device (Instrumentation for Physiology and
Medicine, San Diego, CA). The specific operation of
the servo-null microtransducer has been described in
detail in a previous publication [4]. The exact methods
of measurement of glomerular pressure in glomerular
capillaries and the methods utilized for stop-flow pres-
sure estimates are described in the same publication
[4]. If there was any evidence of bleeding from glome-
rular capillaries either onto the surface or into Bow-
man's space, the glomerular pressure was not utilized.
Experimental protocol. After commencement of the
infusion of 14C-inulin in NaC1—NaHCO3 solution at
approximately 0.5 to 0.6% of body wt/hr, the rat was
left undisturbed for 30 mm. Pressures were then
measured in a set of 6 to 12 tubules to assure proper
performance of the servo-null device. Next, pressures
were measured in both Bowman's space and glome-
rular capillaries of all surface glomeruli. If six glome-
ruli were not present on the kidney surface, accessible
to micropuncture, the full complement of six glome-
rular capillary hydrostatic pressures were completed
utilizing stop-flow measurements. Free-flow tubular
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pressure was obtained before each tubular obstruction
and measurement of stop-flow pressure.
Blood samples were then obtained for protein deter-
mination using specially coated 15 to 17 (O.D.)
micropipets. Three peritubular capillary blood samples
were obtained from "star" vessels, and at least two
completely analyzed for efferent protein concentration.
Simultaneously, aortic blood samples were obtained
for microprotein analysis.
In the group 1 hydropenic studies which were con-
ducted at a later time, efferent oncotic pressure ()
was calculated from systemic protein concentration
(CA), and the total filtration fraction, as determined by
the extraction of '4C-inulin. Abundant evidence from
both the literature [8—10] and from our own experience
has demonstrated that in hydropenia only, superficial
nephron and total kidney filtration fractions are
identical.
At approximately 60 to 75 mm after the start of 14C-
inulin infusion, clearance periods for measurement of
total filtration rates were obtained. Tubular fluid was
completely collected (7 to 10 [O.D.] pipets) utilizing
oil blocks of at least four tubular diameters in length;
collections were of three to four minutes in duration.
The question of retrograde contamination of tubular
fluid samples collected at high tubular pressures has
been examined in detail elsewhere, utilizing mineral
oil blocks and under conditions of ureteral obstruc-
tion, saline expansion and induced elevations in pres-
sure distal to the oil block. Under these conditions of
high tubular pressure, we have found that retrograde
flow of fluid from beyond the oil block could not be
demonstrated [11, 12].
Following completion of nephron filtration rates
and two clearance periods for total kidney GFR, a
sample of venous blood was obtained with a 35
(O.D.) tip micropipet which had been previously
heparinized on its inner surface. In the group 2 animals,
the remainder of the expansion protocol was then com-
pleted. After completion of the aforementioned col-
lections and measurements during hydropenia, a
solution of 13 g/100 ml of human albumin was infused
into the jugular venous catheter at a rate of 0.075 ml!
mm and continued until a volume equal to 1% of
body wt had been infused. At the end of this initial
loading infusion, the infusion rate was reduced to a
maintenance rate of 0.02 mI/mm. The stock albumin
solution was dialyzed against isotonic NaC1—
NaHCO3 in the cold for at least 48 hr prior to use in
order to insure removal of potentially vasoactive sub-
stances and equilibration of ionic constituents.
After 30 mm of equilibration at the maintenance rate
of albumin infusion, measurements of glomerular
capillary and tubular or Bowman's space pressures
were repeated. The same surface glomeruli that were
utilized during hydropenia were repunctured after al-
bumin expansion and, again, six measurements ob-
tained. Following pressure measurements, at least
three efferent peritubular capillary samples were ob-
tained along with aortic blood samples for micro-
protein determination. Total kidney GFR and six
nephron filtration rates (in six new nephrons) were
obtained. A venous sample to determine the renal ex-
traction of '4C-inulin was also obtained. After com-
pletion of the experiment, the kidneys were weighed.
In six separate studies, an identical protocol was
followed except that the intrarenal distribution of plasma
flow was measured from the i.v. injections of 1251 and
1'I-labelled antiglomerular basement membrane (anti-
GBM) antibody in hydropenia and after albumin in-
fusion. This batch of anti-GBM antibody was obtained
from a rabbit in which renal extraction of the antibody
had been demonstrated at 95 % or greater [13—151.
Kidneys were perfused and tissue analyzed as pre-
viously described for the rat [14, 151. The fractional
distribution of plasma flow within the kidney was de-
termined as previously described [14, 151.
Analytic methods. Urine was collected in preweighed
containers under oil. Arterial plasma samples were
collected in heparinized capillary tubes. Samples for
protein determinations were collected in siliconized
glass tubes. '4C-inulin counts in plasma, urine and
venous samples and tubular fluid were monitored on a
liquid scintillation counter (Packard, Model 2425) and
total GFR, renal plasma flow and total filtration frac-
tion calculated as previously described [4, 14]. Nephron
filtration rate uv/P (sngfr) was calculated as the total
count rate collected per minute (uv) divided by the
plasma count rate (P) (corrected for plasma H20).
Microprotein determinations were performed with a
modification of the Lowry protein method [16], similar
to that described by Brenner et al [17]. Capillary
pipets were specially coated to prevent clotting of
blood (Dow—Corning 1107, 2.5% in trichlorethylene
and then baked at 200°C for three hours). Each pen-
tubular capillary blood sample was sealed at the tip
(Eastman 910), and red blood cells separated from
plasma by centrifugation. At least three 6.9 nl samples
were obtained from both peritubular capillary and
aortic samples, and each sample read in triplicate. A
standard curve with known protein concentrations was
run daily with each set of capillary and aortic samples.
The standard curve was determined by linear regres-
sion analysis to best fit for a curve utilizing all standard
readings. Correlation coefficient for the standard
curves was always greater than r=0.98. As a further
check on protein values, another modification of
Lowry protein method [16] was performed on all
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aortic samples which utilized 2 l plasma samples.
Variation between the 2 l and 6.9 ni sample methods
was rarely greater than 5% in any sample. Unknown
samples were analyzed by the microprotein method
and 2 t1 method and determined by refractometric
techniques, (American Optical) and did not vary more
than 5% unless obvious hemolysis occurred in a
sample. Values were not used if plasma samples were
hemolyzed.
Samples of fluid obtained from Bowman's space
were handled in a similar fashion as peritubular capil-
lary samples, and protein concentrations were deter-
mined on microprotein standard curves. Samples of
Bowman's space fluid were analyzed utilizing a 32 ni
constant-volume pipet, and concentrations were de-
termined by volume correction to the smaller volume
pipet used for standard curve samples. Eight samples
were obtained in two animals in both states. Only two
values (261 and 300 mg/100 ml) were above the lower
limit of discrimination (250 mg/l00 ml) and revealed a
negligible oncotic pressure.
Protein electrophoreses were perfbrmed on aliquots
of serum from hydropenic rats and after expansion
with hyperoncotic albumin, using cellulose acetate
strips. Strips were then stained and curves plotted with
a densitometer. Quantitation of percentage albumin
and globulin fractions was performed both automatic-
ally on the densitometer and checked by planimetry.
Oncotic pressures on serum samples after expansion
were measured directly by a slight modification of a
method previously described [18], utilizing a membrane
(Amicon PM 30).
After hyperoncotic albumin expansion, we found
that 83 1 .6% of serum protein was albumin, whereas
in hydropenia, total protein was one-half albumin.
Therefore, the relationships described in equations 5
and 6 were used for hydropenia and equations 7 and 8
were utilized after albumin expansion. This second
equation was derived from the measured values of both
oncotic pressure and protein concentration in serum
samples after expansion by the least squares method
[19]. Mean difference for each measured value from
that predicted from the equation was —0.2 0.3 mm
Hg (measured <predicted).
Calculations. As renal plasma flow (rpf) enters the
glomerular capillary, fluid is lost from renal plasma
flow by a process of ultrafiltration such that a single
nephron filtration rate is formed (sngfr). The sngfr is
further a product of the total glomerular permeability
(LA) and the integrated mean effective filtration pres-
sure (EFP) (sngfr =LA•EFP), where
EFP = $(zP—) dx*.
These relationships are described in the following
equation:
0$'(rpf0—rpf) dx* = LA0$'(P—lT) dx*, (2)
where P equals the hydrostatic pressure gradient
across the capillary membrane (P==PG—Pt), and
PG equals glomerular capillary hydrostatic pressure,
T equals the pressure in Bowman's space, and ITequals
oncotic pressure gradient acting across the capillary
membrane along a normalized unit glomerular capil-
lary length, x*. The oncotic pressure in Bowman's
space has been measured and is very small and, there-
fore, neglected.
Input data were analyzed by two methods for evalua-
tion of effective filtration pressure profile and total
glomerular permeability. The first set of equations,
which were analyzed by computer at the University of
California at San Diego Computer Facility, were in-
dependently developed but very similar in final results
to those recently published by Deen, Robertson and
Brenner [20]. To simplify comparison the symbols
utilized in this paper will be the same as those used in
their study with the exception that 1) glomerular per-
meability coefficient equals LA, 2) EFP equals the
effective filtration pressure which in turn is equal to the
area of EFP function integrated over a total glomer-
ular length x* = 1 (normalized glomerular length).
The second method of evaluation of the effective
filtration pressure profile involves a double iteration
method [21]. We have developed this second method
because modeling predictions and parameter control
are conducted easily with this method without loss of
accuracy. Both methods are based upon an idealized
single filtering conduit of total normalized distance
x = 1 and assume that input glomerular plasma flow
(Q0) decreases along glomerular capillary distance as
glomerular filtrate is formed such that Qe=plasma
flow leaving the capillary at the efferent arteriole, where
sngfr = J'(Q0—Q.) dx* (3)
and sngfr/Q0 = snif = 1—CA/CE.
As a result of the filtration process and the loss of fluid
from nephron plasma flow input, protein concentra-
tion (CA) increases along capillary length x* 1 to a
value CE.
The relationship between protein concentration (C)
and oncotic pressure (iT) within the capillary was de-
scribed first by Landis—Pappenheimer, in which
IT = 2.lC+0.16C2+0.009C3 (5)
(IT is expressed in mm Hg).
'P We have simplified this expression for use in the' ' mathematical calculations by a best fit analysis to the
Landis—Pappenheimer equation [22] by least squares
(4)
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utilizing well-established computer methods (pro-
grams on file at the University of California San Diego
Computer Facility), where
= 1.736C+0.281C2.
For both methods, the above coefficients for C and
C2 are utilized in all calculations in this study during
hydropenia which assumes that total protein is dis-
tributed approximately equally between albumin and
globulin.
Protein electrophoreses of serum after hyperoncotic
albumin expansion revealed that the percentage of
total protein that was albumin increased uniformly to
83 1.6%. A new relationship between and C was
determined empirically by direct measurement of on-
cotic pressures in samples obtained after expansion
and diluted to a range of 2.0 to 8.0 g/100 ml.
The third order equation (that approximates this
relationship for 83% albumin) is as follows:
IT = 2.2C+0.23C2+0.011C3,
and the second order relationship,
= l.502C+0.396C2.
The second method for defining the effective filtra-
tion pressure profile and total glomerular permeability
utilizes a double iteration procedure and is described
in detail in another publication [21]. All data for EFP,
EFP profiles and LA in this study were analyzed by
the method similar to that of Deen et al [20]. Values
for EFP and LA obtained from the data of this study
are identical when analyzed by either method. The
iteration method is utilized uniquely here for the
modeling prediction at constant LA in Fig. 5.
1. Nephron plasma flow and blood flow. Nephron
plasma flow (rpf) is defined by the following relation-
ship:
rpf = sngfr/snff (15)
and single nephron blood flow (rbf) is calculated as
follows:
rbf = rpf/(l —Hct), (16)
where Hct equals hematocrit as a fraction of one.
2. Afferent resistance. Calculation of afferent re-
sistance (AR) is as follows:
AR = (MAP—PG)/rbf, (17)
where MAP equals mean arterial blood pressure; this
value and G are expressed in mm Hg.
3. Fractional distribution of plasma flow. The
fractional distribution of plasma flow (frpf) is cal-
culated as previously described:
frpf = q/Q.w [14, 15],
where q equals count rate of radioactivity from radio-
iodinated antibody in a given tissue slice, Q equals
total count rate of the isotope in the entire kidney and
(6) w equals weight of the slice in g.4. PG by stop-flow methods is calculated as follows:
P0 = SFP+ [4], (19)
where SFP equals directly measured stop-flow pres-
sure.
5. Statistical analysis. The calculation of effective
filtration pressure profile and a value for total glome-
rular permeability requires an accurate estimation of
variance of each of the input indexes which determine
filtration. Also, the confidence limits and the variance
which can be determined for each of these input values
are necessary to determine whether any of these forces
for filtration alter between control and experimental
state and also from group to group.
Values for LA and EFP in each state could be de-
rived by utilizing a mean value for all determinations
of P, rpf and CA and CE. However, this may give un-
due influence to animals in which a larger number of
measurements were obtained. We have therefore
elected to analyze each animal individually and require
an equal number of observations for zP and rpf(N== 6,
respectively). These data were further analyzed by
analysis of variance and an estimate of each input
variance defined in each animal by the SD and SEM
[19, 23]. This mean value with its variance was carried
through the mathematical model in order to define the
final variance of the EFP and LA.
Results
Dynamics of glomerular filtration in hydropenic rats.
Group 1 rats are representative of a larger group of
rats studied in the laboratory in the Veterans Admini-
stration Hospital, San Diego, California. In this
sample of hydropenic rats, filtration equilibrium is
attained and an efferent effective filtration pressure of
zero is the rule. Group 2 animals were derived from
the same colony of Munich-Wistar rats but were
studied at a previous time in the laboratory in Dallas,
Texas. This group exhibited a lower filtration fraction
(0.30 0.01) than that presently observed in the hydro-
penic Munich-Wistar rat, and a positive value for
efferent effective filtration pressure was observed,
suggesting that filtration equilibrium was not attained.
The eight studies presented here in group 2 were con-
secutive, successful experiments. Table 1 compares all
observed physiological values in group 1 and 2 animals.
Nephron filtration rate in group 2 was lower than that
obtained in group I animals; however, nephron plasma
(18) flow was not different. Glomerular hydrostatic pres-
(7)
(8)
214 Blantz et a!
Table 1. Comparison of factors controlling filtration in groups 1
and 2 rats
Group I Group 2 P
Nephron filtration rate (sngfr), 26.4 22.8 <0.001
nl/min/gofkidneywt
Nephron plasma flow (rpf) 70.8 78.8 >0.05
nl/min/g of kidney wt
Glomerular hydrostatic pres- 44.9 48.6 <0.001
sure (PG), mm Hg 0.7
Tubular hydrostatic pressure 11.7 16.0 <0.001
mm Hg
Hydrostatic pressure gradient 33.6 31.9 >0.2
(sP),mmHg
Arterial oncotic pressure (A), 15.9 16.0 >0.9
mmHg
Efferent arteriolar oncotic 32.6 27.6 >0.1
pressure (RE), mm Hg 1.4
Afferent arteriolar effective 17.73 15.63 >0.1
filtration pressure (EFPA), 1.12 0.90
mm Hg
Efferent arteriolar effective +0.98 4.15 <0.05
filtration pressure (EFPE), 1.07 1.29
mm Hg
Glomerular permeability co- 0.060t 0.048 <0.05
efficient (LA), nl/sec/g of 0.009 0.002
kidney wt/mm Hg
+ SCM.
b Minimum estimate.
sure and tubular pressure were higher in the group 2
studies but the hydrostatic pressure gradient (P)
was not different. However, there was no significant
difference in arterial oncotic pressure observed, if all
values for nE are compared to all values of P in each
animal in group 1, we find that the values are not
different and that they scatter about the line of identity
(P>O.6), defining a condition of filtration equilibrium.
However, if the same comparisons are undertaken in
group 2, ITE is significantly lower than values for zW
and falls below the line of identity, generating an effer-
ent effective filtration pressure of 4.15 1.9 mm Hg,
significantly greater than zero.
Other than the obvious differences in filtration rate,
tubular pressure and glomerular hydrostatic pressure,
there must be other physical explanations for the
differences between these two groups of animals. We
consider group 1 animals to be representative of our
present hydropenic Munich-Wistar population. There
were no technical differences in the manner in which
the experiments were conducted and histologic ex-
amination of renal tissue in animals from group 2 did
not reveal any specific abnormalities. Data depicted in
Table I also demonstrate that the glomerular per-
meability in group 2 animals, which could be calcul-
ated uniquely because of disequilibration, was signi-
ficantly lower than the minimum possible value for
L0A in group 1 studies. We are therefore required to
conclude that significant nutritional or environmental
differences may have contributed to this apparent re-
duction in glomerular permeability in group 2 animals.
Unfortunately, we cannot be more specific in our ex-
planation of this real difference in glomerular perme-
ability between these two groups of hydropenic rats
derived from the same colony of animals. However, the
presence of disequilibration in group 2 animals has
permitted us to calculate unique values for LA in
hydropenia and allows us to examine the specific effects
of the infusion of hyperoncotic albumin in these
animals and its effect upon the effective filtration pres-
sure profile and total glomerular permeability.
Effect of hyperonco tic albumin expansion in disequili-
brated animals (group 2). 1. Nephron filtration rate and
plasma flow. During hydropenia, in eight studies
sngfr averaged 22.8 0.9 nI/min/g of kidney wt (N=
42), and after the infusion of 13 g/100 ml of albumin,
rose to 38.7 2.4 nl/min/g of kidney wt (N=r42) (con-
fidence level, 100% or P<<0.005; Fig. 1; Tables 2 and
3.) The increase in SE of measurement after albumin
expansion could either reflect an increase in technical
difficulty with which collections were obtained, the
wide range of animal response to albumin expansion
(18 to 154°/ increases), a true increase in nephron
30 -
20 -
Hydropenia Albumin
expansion
Fig. 1. Effect of hyperoncotic albumin expansion on nephron
filtration rate (sngfr). Thechange in mean sngfr in each of eight
group 2 animals is depicted. The P value refers to changes using
a mean value for each animal. The change within each animal
was also statistically significant.
sngfr
70 —
60 —
50 -
40 -
10 - P<0.02
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Table 2. Summary of effects of hyperoncotic albumin expansion on indexes influencing filtration in superficial nephrons in group 2 rats
Rat P0, mm Hg Pt, mm Hg sngfr, nl/min/gof rpf, n1/min/g of rbf, nl/min/g of snif (sngfr/rpf)
No. kidney wt kidney wt kidney wt
Hydro Albumin
expan-
sion
Hydro Albumin
expan-
sion
Hydro Albumin
expan-
sion
Hydro Albumin
expan-
sion
Hydro Albumin
expan-
sion
Hydro Albumin
expan-
sion
2 50.6 61.2 16.3 3Ø,4b 21.0 28.2 61.8 2l6.Sb 118.8 3Ø77b 0.34 0.13
±2.1a ±1.1 ±0.8a ±1.5 ±1.3 ±2.6 ±3.8 ±21.0 ±7.3 29.8
4 45.7 58.8 17.8 26.1 20.5 31.8 68.5 244.6 156.1 388.2 0.30 0.13
±2.3 ±1.6 ±0.4 ±1.0 ±1.5 ±5.0 ±5.2 ±43.9 ±11.8 ±69.8
6 54.2 67.0 14.4 18.6 14.4 35.9 42.3 239.6 98.6 443.1 0.34 0.15
±1.2 ±2.1 ±0.5 ±0.7 ±2.2 ±4.6 ±6.5 ±31.0 ±15.1 ±57.3
7 48.1 67.8 14.4 28.4 21.8 40.7 90.9 226.2 206.4 376.8 0.24 0.18
±1.9 ±2.3 ±0.6 ±0.6 ±2.1 ±2.3 ±8.8 ±13.0 ±20.0 ±21.6
8 52.0 71.9 16.5 33.0 27.2 69.0 108.7 345.1 205.3 485.9 0.25 0.20
±1.2 ±2.2 ±0.9 ±0.9 ±1.0 ±5.5 ±4.3 ±27.5 ±8.1 ±38.7
9 47.2 60.9 17.3 23.8 21.5 34.0 79.8 141.5 150.2 211.3 0.27 0.24
±1.3 ±0.8 ±0.6 ±0.5 ±1.1 ±1.3 ±4.3 ±5.5 ±8.1 ±8.2
12 44.6 58.2 14.0 22.7 24.5 30.5 70.2 164.7 130.7 230.6 0.35 0.18
±0.7 ±1.8 ±0.5 ±0.8 ±1.9 ±1.1 ±5.7 ±6.20 ±10.6 ±8.7
13 45.5 53.6 17.9 24.5 30.3 35.7 97.7 238.0 171.4 321.6 0.31 0.15
±1.2 ±2.5 ±1.2 ±1.0 ±2.7 ±6.0 ±8.8 ±40.2 ±15.4 ±54.3
±SEM.
b The change in each animal was statistically significant.
Table 3. Comparison of directly measured factors which affect
filtration, before and after albumin expansion
Hydro Albumin
expansion
P
Hydrostatic pressure gradient
(1P),mmHg
Nephron plasma flow (rpf),
nl/min/gofkidneywt
Afferent arteriolar protein con-
centration (CA), g/100 ml
Efferent arteriolar protein con-
centration (CE), g/100 ml
Afferent arteriolar effective
filtration pressure (EFPA),
mmHg
Efferent arteriolar effective
filtration pressure (EFPE),
mmHg
Nephron filtration rate (sngfr),
nl/min/g of kidney wt
Glomerular permeability co-
efficient (LA), nl/sec/g of
kidney wt/mm Hg
Mean effective filtration pres-
sure (EFP), mm Hg
31.9
±0.9
78.8
+3.8
5.06
+ 0.28
7.24
+ 0.41
15,6
±0.9
4.2
±0.9
22.8
± 0.9
0.048
± 0.002
10.0
±0.6
36.4
±1.oa
226.1
+12.6
5.85
±0.33
7.08
± 0.45
14.0
±0.6
5.6
±1.5
38.7
±2.4
0.082
±0.004
9.2
± 1.2
<0.001
<<0.00!
<0.005
>0.6
>0.2
>0.2
<<0.001
<<0.001
>0.6
±SEM.
Ce
=bo0-
jjloo
Hydropenia Albumin
expansion
Fig. 2. Effect of hyperoncotic albumin expansion on nephron plasma
flow, blood flow, afferent arteriolar hydrostatic pressure gradient
and resistance. In the upper panel, the mean values for nephron
plasma flow and blood flow (the mean of each animal value
± sEM) are depicted for hydropenia and after expansion in
group 2 rats. In the middle panel, the hydrostatic pressure
gradient (MAP—P0) is demonstrated for both hydropenia and
after expansion. The changes in afferent arteriolar vascular re-
sistance produced by albumin expansion are shown in the
bottom panel.
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heterogeneity of filtration or a combination of these
possibilities. The changes in sngfr for each of the eight
rats are depicted in Table 2 and Fig. 1, with confidence
levels of significance.
Nephron plasma flow (rpf) increased from 78.8 ±
3.8 nh/min/g of kidney wt (N=42) to 226.1 ± 12.6 nh
min/g of kidney wt (N=42, P<O.OO1, Table 3 and
Fig. 2). Superficial nephron blood flow (rbf) similarly
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increased from 155 14 to 346 34 nl/min/g of kidney
wt (P<O.OOl). The evaluation of superficial hemato-
crit value from systemic hematocrit may not be totally
accurate in lieu of recent studies by Brenner and
Galla [24] and by Wallin et al [14] suggesting that with
volume expansion, axial streaming of particulate ele-
ments of blood may occur such that hematocrit in
preglomerular superficial cortical vessels may be
higher than that of systemic blood. If this is true, rbf
during albumin expansion may be approximately l0%
higher than calculated, if similar to expansion with
saline. Arterial hematocrit value fell from 51 1 to
34±2% with albumin expansion (P<0.001). Mean
arterial pressure was 119 7 mm Hg in hydropenia and
129 5 after expansion (P>0.2).
The increase in rbf is associated with a large fall in
afferent arteriolar resistance from 0.48 0.06 to 0.22
0.04 mm Hg/nl/min/g of kidney wt (Fig. 2). The in-
crease in flow is not due to any increase in the pressure
gradient across the afferent vessel, since this value was
not different (70.8 7.3 vs. 68.8 5.2 mm Hg, N= 8).
Although the increase in rpf undoubtedly played a
major role in the increase in sngfr, the changes were
not directly linearly proportional, and superficial filtra-
tion fraction fell significantly (Table 2).
A. Hydrostatic forces influencing filtration. Glome-
rular capillary hydrostatic pressure for each of eight
animals is the mean of approximately six measure-
ments in both hydropenia (N=45) and after albumin
expansion (N= 44). Measurements by direct analysis
and by stop—flow (PSFp) are both included in this mean
since the values obtained by either method were not
different in either state (hydropenia —PSFP=48.7 1.1,
N=24, and PG=48.6±O.9, N==21, P>0.9; and after
albumin, PsFP=62.l 1.7, N=25, and P=62.6± 1.2,
N=l9, P>0.1). P0 during hydropenia was 48.6±
0.7 mm Hg and rose to 62.3 1.1 after albumin expan-
sion (P<0.01). The increase in P0 was statistically
significant in each study (Table 2 and Fig. 3).
Tubular pressure rose from 16.0±0.6 to 26.0±
1.6 mm Hg such that the hydrostatic pressure gradient
(LP) was 31.9 0.9 mm Hg(N=45) in hydropenia and
rose to 36.4± 1.0 (N=44) following albumin expan-
sion (P <0.005). Therefore, changes in zP were signi-
ficant and a positive factor contributing to the rise in
superficial nephron filtration rate.
B. Onco tic forces across the glomerular capillary.
During hydropenia, in group 2 animals the arterial
oncotic pressure (HA) was 16.0± 1.3 mm Hg (N=8)
generated by a protein concentration of 5.1 g/
100 ml. After albumin infusion the afferent oncotic
pressure rose to 22.6 2.1 mm Hg (P <0.001) and pro-
tein concentration rose to 5.8 0.3 g/ 100 ml (P <0.005).
The efferent arteriolar oncotic pressure (IrE) was
27.6 2.5 mm Hg in hydropenia (CE = 7.2 0.4 g/
100 ml) and was 31.0 3.2 after hyperoncotic albumin
expansion (CE==7.l 0.4, P>0.6; Table 3). This con-
stancy in C was due to a large increase in rpf and fall
in snff from 0.30± 0.01 to 0.17 after albumin ex-
pansion (P <0.005).
2. Computer analysis of changes in LA and profile of
effective filtration pressure. Only four types of data are
required to calculate LA or EFP. Mean values for the
input data, zP, Q0, CA and CE are summarized in
Table 3 for both hydropenia and hyperoncotic albumin
Hydro-
penia
Hyperon-
cotic
P value
albumin
expansion
Region of kidney cortex (N= 6)
q/Q.wa
(N= 6)
Q/Q.w
Superficial cortex (C—I) 1.19 1.12
0.05
0.2>P>O.1
Mid-cortex (C—2) 1.10
0.08
1.07
0.08
0.2>P>0.1
Juxtamedullary cortex 0.72 0.80 0.2>P>0.l
(JMC)
a Fractional distribution of plasma flow (see Calculations in
Methods).
b
Glomerular
hydrostatic pressure
(P0)
Tubular
hydrostatic pressure
(P1)
70 70
60 60-
50 50-
40 40
30 30-
20 20-
10 10-
F<0.OOl
0 0
Hydropenia Albumin Hydropenia Albumin
expansion expansion
Fig. 3. Effect of hyperoncotic albumin expansion on glomerular
capillary and tubular hydrostatic pressures. On the left mean
values for glomerular capillary pressure (PQ) in each animal in
group 2 rats are shown for hydropenia and the respective changes
with expansion. Changes in tubular pressure in the same animals
are demonstrated on the right.
P<0.001
Table 4. Effect of hyperoncotic albumin expansion on the intra-
renal distribution of plasma flow
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expansion. The ultrafiltration pressure which exists at
the afferent (EFPA) and efferent (EFPE) ends of the
glomerular capillary can be calculated simply (zXP —
from directly measured data and is also given in
Table 3. The afferent ultrafiltration pressure was 15.6
Hg in hydropenia and 14.0± 0.6 (P>0.2)
after expansion (N= 8) when expressed as the mean of
a single mean value for each animal. The efferent value
for ultrafiltration pressure was 4.2 0.9 mm Hg, signi-
ficantly above zero, in hydropenia and was 5.6
1.5 mm Hg after expansion (Table 3) (P> 0.2).
Primarily because of this significantly positive value
for EFPE in both states, a unique value for LA could
be derived with the aid of the mathematical models of
the filtration process.
Table 3 displays the mean value and SEM for both
LA and EFP in hydropenia and after albumin expan-
sion. The glomerular permeability coefficient increased
71% with expansion (0.048 0.002 to 0.082 0.004 nIl
sec/g of kidney wt/mm Hg; confidence level, 100% or
P<'zO.001 by analysis of variance). Values are expressed
per g of kidney wt to normalize data, but the raw data
values are similar (0.043 0.002 to 0.07 1 0.003 nl/sec/
mm Hg). We have expressed these data in terms of the
weight of the kidney in order to normalize these values
among widely different sized animals. It remains to be
demonstrated whether with growth, glomerular filtra-
tion rate rises by increases in effective filtration pres-
sure only, or if total glomerular permeability, in part,
accounts for this increase. Mean effective filtration
pressure EFP was 10.0 0.6 in hydropenia and 9.2
1.2 after albumin expansion (P>0.6). In spite of the
large increase in nephron plasma flow, the effective
filtration pressure did not increase; therefore, changes
in glomerular permeability account for the 71% in-
crease in nephron filtration rate.
The effective filtration pressure was plotted vs. frac-
tional distance along the glomerular capillary (x*) in
each state and in each animal. Composite curves of
EFP vs. x* are demonstrated in Fig. 4. The slope is
nearly linear between EFPA and EFPE. The total areas
of the respective integrals are obviously quite similar.
In Fig. 5 we have predicted the change in effective
filtration pressure that would obtain had LA re-
mained as in hydropenia. Although the mean effective
filtration pressure would have increased to 11.6mm
Hg, much of the effect of the large increase in plasma
flow would be nullified by the large increase in 1TA At
a constant glomerular permeability, nephron filtration
rate would have risen to only 30.0 nl/min g of kidney wt
and a nephron filtration rate of 0.13 would have re-
sulted; both are well below the actual measured values
observed following hyperoncotic albumin expansion.
As a further control, two studies were performed to
0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fig. 4. Changes in effective filtration pressure (EFP= zXP— r)
along fractional glomerular capillary length (x*) are depicted Jbr
hydropenia (state 1) and after hyperoncotic albumin expansion
(state 2). Each value for EFP± SEM as an average for all animals
in each state is noted at 10% increments of fractional length
along the capillary.
insure that the changes in P0 and P were, in fact, the
result of hyperoncotic albumin expansion and not due
to an artifact of the micropuncture experimental de-
sign. In these studies, packing around the kidney was
removed before the infusion of albumin in order to
permit the kidney to swell to maximum volume with-
out external constraints which might influence both
intravascular and intratubular pressure. Both P and
P, measured directly, rose by similar magnitudes, and
the absolute increases were identical to those observed
in the eight group 2 rats studied.
Analysis of nephron filtration dynamics in other than
superficial nephrons. The observed increase in super-
ficial nephron filtration rate was not accompanied by
similar changes in all other nephron populations.
While sngfr increased 70% in group 2 studies, the total
kidney GFR increased only from 1.05±0.07 to 1.20
State 1
(Hydropenia)
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12
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8
6
4
14
12
10
8
6
4
2
State 2
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Fig. 5. The profile of EFP (LP— IT) vs. fractional glomerular
capillary length (x*) is depicted again for hydropenia (on the top)
and after hyperoncotic albumin expansion (on the bottom) if total
glomerular permeability (LA) had remained constant (as in
hydropenia). Under these imposed conditions, the observed
changes in rpf, zP and ITA would have increased sngfr to only
30.0 nh/min/g of kidney wt, and snif to 0.13, considerably below
the actual observed values.
0.10 ml/min/g of kidney wt after expansion. In support
of this finding are the data on filtration fraction. While
snif fell from 0.30 0.01 to 0.17 0.01, the total filtra-
tion fraction fell from 0.30±0.01 to 0.12±0.01 after
expansion. This disparity in changes in filtration frac-
tions could be due to either a disproportionate increase
in superficial nephron filtration with a uniform increase
in plasma flow in all nephrons, or a disproportionate
increase in deeper nephron plasma flow. An indepen-
dent method which permits evaluation of the intra-
renal distribution of plasma flow is required in order
to differentiate between these two possible mechan-
isms.
Therefore, in six experiments, the distribution of
plasma flow within the kidney was measured in the
same animals during hydropenia and after expansion
with hyperoncotic albumin. Fractional distribution
(q/Q.w) of plasma flow in the superficial cortex was
1.19 0.08 during hydropenia and 1.12 0.05 after al-
bumin expansion (F> 0.1); in the second cortical slice,
1.10 0.08 during hydropenia and 1.07 0.08 after
expansion (P>.0.1); and in the juxtamedullary cor-
tex, 0.72±0.10 in hydropenia and 0.80±0.10 after
albumin expansion (P>0.l, Table 4). Although there
was a tendency for a redistribution of plasma flow to
the juxtamedullary cortex, the mean values did not
achieve statistical significance. Even if absolute values
achieved significance with further studies, the magni-
tude of this change would not account for the observed
changes in filtration fraction.
Therefore, with albumin expansion, a 186% increase
in plasma flow occurred in all nephrons, but nephron
filtration rate increased only in more superficial ne-
phrons. The data on filtration rates and filtration frac-
tion requires that at least a lesser increase in filtration
rate occurred in nephrons below the surface. The exact
mechanism for this heterogeneity in filtration rates at
similar rates of nephron plasma flow cannot be
directly ascertained from the data presently available.
Discussion
The present studies were designed in order to ex-
amine the influence of changes in oncotic pressure on
the filtration process and to further examine the
potential influences of alterations in total glomerular
permeability. Two major observations are derived re-
garding the effect of changes in total glomerular per-
meability. First, we have demonstrated in group 1
studies, and from other studies from this laboratory,
[4, 21] that filtration equilibrium is the rule in the nor-
mal hydropenic Munich-Wistar rat. However, we
have found a group of animals (group 2) in which
glomerular permeability was reduced in this otherwise
apparently normal population of Munich-Wistar rats.
The reason for this reduction in glomerular perme-
ability is presumed to be environmental since histologic
differences were not observed and experiments were
performed in a technically identical fashion. The result
of this reduction in glomerular permeability is a con-
sistent disequilibration of the ultrafiltration pressure
in group 2 animals, producing a significantly positive
ultrafiltration pressure at the end of the glomerular
capillary. As a byproduct of this finding in group 2
rats, a unique value for glomerular permeability can be
calculated during the hydropenic condition. In group 2
animals we have examined the effects of the infusion of
hyperoncotic albumin and the elevation of systemic
oncotic pressure on the filtration rate and have found
that the increase in filtration rate can be attributed
Hydropenia
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solely to an increase in total glomerular permeability.
In spite of this increase in systemic oncotic pressure
following albumin expansion, filtration equilibrium
was again not attained such that it was also possible to
calculate a specific value for the glomerular perme-
ability coefficient following this infusion. As a result of
volume expansion with albumin, LA increased from a
control value of 0.048 nl/sec/g of kidney wt/mm Hg to
a final value of 0.082.
Deen et al [20] have recently developed precise
equations which with certain simplifications account
for the nonlinear rise in oncotic pressure along capil-
lary length. Utilizing these equations, Brenner and co-
workers have focused primarily on the influence of
changes in the hydrostatic pressure gradient P [2] and
changes in nephron plasma flow [2, 6] as they respec-
tively influence the rate of glomerular filtration and the
total ultrafiltration pressure. The changes in filtration
in their studies can quite adequately be explained by
changes in the total ultrafiltration pressure (PUF) as a
consequence of changes in plasma flow at filtration
equilibrium in the hydropenic rat. However, the find-
ing of filtration equilibrium has severely limited the
accurate evaluation of potential changes in glomerular
permeability and the specific influence of changes in
systemic oncotic pressure on the ultrafiltration process.
Recently Deen et al have reported that in rats ex-
panded with isoncotic plasma, filtration equilibrium
was not attained [3]. Therefore, it was possible to cal-
culate a value for the glomerular permeability coeffi-
cient (LPA or Kf) which was found to be 0.078 nl/sec/
mm Hg, a value quite similar to the calculated total
glomerular permeability in the present studies, follow-
ing hyperoncotic albumin expansion. Since larger
animals were utilized in their studies, the normalized
values for sngfr and LA in this study may be more
satisfactory for comparison. The value for glomerular
permeability utilizing the raw data from this study is
0.072 nI/sec/mm Hg.
In the present studies, large changes in nephron
plasma flow occurred that were not accompanied by
major changes in the total effective filtration pressure.
Therefore, some other mechanism must have acted to
limit the increase in total effective filtration pressure.
As the primary factor, an increase in glomerular per-
meability will reduce the total effective filtration pres-
sure at a constant rate of plasma flow. In the previous
studies by Brenner and co-workers, systemic oncotic
pressure was essentially unchanged [2, 6]. In this
study, the rise in plasma flow was associated with large
increases in systemic oncotic pressure. As these two
events increase in plasma flow, an increasing systemic
oncotic pressure should have opposing effects on the
slope of vs. x* function. An increase in nephron
plasma flow should have reduced the rate of rise in
glomerular oncotic pressure, and, therefore, reduce
the slope of the EFP function vs. x*. However, an in-
crease in 1TA, through the nonlinear relationship of IT
and protein concentration, should increase the rate of
rise of the oncotic pressure along the glomerular
capillary distance and increase the rate of decay of the
effective filtration pressure. These two opposing in-
fluences appear to have counteracted one another and
with the increase in LA acted to produce no change in
the total effective filtration pressure.
The increase in nephron plasma flow did not pro-
duce proportional increases in nephron filtration rate;
therefore, filtration fraction fell with expansion. The
increase in oncotic pressure should have reduced the
filtration fraction as an isolated influence; however, if
the large increase in nephron plasma flow produces
disequilibrium of EFP, filtration fraction should also
fall. For both of these reasons, the area of the integral
of ultrafiltration pressure cannot rise in direct propor-
tion to the nephron plasma flow, but is always less,
thereby producing a lesser increase in GFR. The in-
crease in LA that was observed should have an oppo-
site effect on filtration fraction tending to increase it.
However, this effect was not sufficient to increase
filtration rate in direct proportion to plasma flow.
The data on total GFR and the intrarenal distribu-
tion of plasma flow suggested the rise in nephron
filtration rate was greatest in superficial nephrons
while no alterations in the distribution of nephron
plasma flow were observed. This finding is supported
by the finding of a lesser fall in filtration fraction in
superficial nephrons following hyperoncotic albumin
expansion. This phenomenon of greater increases in
superficial nephron filtration rate with volume expan-
sion has also been noted by others, and several specu-
lative mechanisms have been proposed [25, 26]. De-
scriptions of the specific mechanisms which govern
filtration in nephrons below the surface will await direct
measurement of the hydrostatic pressure gradients P
and efferent protein concentrations in these deeper
nephrons. A recent review by Stein et al [27] has raised
certain theoretical objections to the use of anti-GMB
antibody as an indicator of renal plasma flow distribu-
tion. The authors have shown that antibodies prepared
in their laboratory demonstrated a lower and variable
extraction when injected into the renal artery. They
point out that this may be due to the low affinity of the
antibody and antibodies directed to multiple antigens.
However, high extraction is a function both of the
purity of the antigen utilized to immunize and the
specific affinity of antibody produced by the immunized
rabbit. Lower affinity antibodies have been produced
in this laboratory, but not utilized. While the findings
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of Stein et al do demonstrate the limitations in the pre-
paration of a useable anti-GBM indicator, they do not
pertain directly to the findings of Wallin et al [13, 14]
who demonstrated a high affinity for the anti-GBM
antibody used in this study.
In summary, we have examined the effect of hyper-
oncotic albumin expansion in a group of rats in which
LvA was reduced below the normally accepted values.
This group exhibited a disequilibration of the effective
filtration pressure in that a positive force for filtration
existed at the efferent end of the capillary. This finding
permitted an accurate value of calculated total glome-
rular permeability in both control and experimental
states. The EFP did not change as a result of the infu-
sion of hyperoncotic albumin, such that the large rise
in filtration rate observed in superficial nephrons was
directly attributable to an increase in LA. This study
has demonstrated a condition in which LA can be re-
duced below normal, and that under conditions of
filtration disequilibrium, acute changes in LvA can
produce significant changes in the rate of glomerular
filtration.
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